All-silicon sub-Gb/s telecom detector with low dark current and high 
quantum efficiency on chip 
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We demonstrate channel selective 0.1-Gb/s photo-receiver operation at telecom wavelength using a silicon 
high-Q photonic crystal nanocavity with a laterally integrated p-i-n diode. Due to the good crystal property 
of silicon the measured dark current is only 15 pA. The linear and nonlinear characteristics are investigated 
in detail, in which we found that the photo-current is enhanced of more than 10 5 due to the ultrahigh-Q 
(Q ~ 10 5 ). With the help of two-photon absorption, which is visible at a surprisingly low input power of 
10 -8 W, the quantum efficiency of this device reaches ~ 10%. 



Silicon (Si) has long been the main platform in elec- 
tronics, but it is also an excellent material for use in 
photonics. Its high index allows us to fabricate high-Q 
nanocavitiesii 2 - and low- loss waveguides. 3 However, Si is 
not an efficient material in terms of telecom-light detec- 
tion. Various approaches have been attempted to over- 
come this problem including the integration of germa- 
nium on Si. 4 £ Nevertheless, reducing the dark current 
remains a challenge because of the lattice mismatch be- 
tween the materials. All-Si approaches have also been 
attempted by introducing ion-implantation, 6,7 but the 
same problem remains owing to the presence of defects. 
Pure Si detectors should make it possible to achieve low- 
noise and ease of fabrication, but we need to employ two- 
photon absorption (TPA), which has a low coefficient. 
TPA detection has been demonstrated using a p-i-n in- 
tegrated Si waveguide, 8 but it required a high optical 
input. The key to compensating for the low TPA coeffi- 
cient is to strengthen the interaction between light and 
matter by tightly confining the light. A high-Q photonic 
crystal (PhC) nanocavity is a good candidate because 
it allows us to achieve a high photon density even with 
a very low input power. Indeed, a numerical study has 
shown that a p-i-n Si PhC nanocavity is a good candidate 
for a high-speed high-efficient photo receiver. 9 

We devised a high-Q width-modulated line defect PhC 
nanocavity with an integrated lateral p-i-n structure 10 
to improve the efficiency of the TPA and one-photon ab- 
sorption (OPA) carrier generation. Figure QJa) shows a 
schematic image of the device. The fabrication process 
is described elsewhere. 10 Figure []Jb) shows the optical 
transmittance spectrum, which gives a Q of 4.3 x 10 5 
and a transmittance To of 24%. This corresponds to an 
intrinsic Q of 8.4 x 10 5 . We apply a reverse —3 V to the 
p-i-n diode and inject CW laser light whose wavelength 
is swept from short to long. Figure [2ja) shows the trans- 
mitted optical spectra for different input laser powers P in , 
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where we observe nonlinear modulation resulting from 
the thermo-optic bistability. 11 At the same time as the 
optical measurement, we recorded the diode current to 
obtain the current spectrum, as shown in Fig. [2fb). The 
shape is similar to that in Fig. [2fa) and a photo-excited 
current is clearly visible when the input light resonates 
with the cavity even at the lowest input power. 

To understand the relationship between the injected 
light and the current, we plot the peak current / of 
Fig. [2fb) as a function of P in in Fig. [3l We also show 
the current when we injected 1577-nm CW light. The 
light at 1577 nm propagates through the PhC waveguide 
without resonating with the cavity, because it is above 
the mode-gap barrier frequency as shown in the inset of 
Fig.QJb). From the plots in Fig.[3j we immediately know 
that the formation of a high-Q mode significantly im- 
proves the generation of photocurrent in a Si p-i-n diode 
by a factor of > 10 5 , which enables us possible to detect 
very weak CW light. 

Next, we investigate the linear and nonlinear physics 
of the device by analysing the square dots of Fig. 03 
We find that first / increases linearly (Region I: P in < 




FIG. 1. (Color online) (a) Schematic illustration of a p-i-n 
PhC nanocavity. The lattice constant a, hole radius r, slab 
thickness t, and w w are 420 nm, 108 nm, 204 nm, 8.72 /mi, 
and 8.4 /im, respectively. The input and output waveguides 
with widths of 1.05a are in-line connected with the cavity 
through barrier line defects with widths of 0.98a. The length 
of the barrier line defect is d — 11a. (b) Optical transmittance 
spectrum. The inset shows the overview spectrum. 
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FIG. 2. (Color online) (a) Optical spectra at different input 
powers at reverse —3 V. Pi n and P ou t are the powers at the 
PhC waveguides, (b) Current spectra corresponding to (a). 



10 8 W), then there is a sub-quadratic increase (Region 
II: 1(T 8 W < P in < 1CT 6 W), and finally it saturates 
(Region III: 10 -6 W < Pin). To understand this in de- 
tail, we introduce two rate equations that describe the 
light energy u stored in the cavity and the generated car- 
rier density N. The equations are, 
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where aoPA is the coefficient of the OPA, which is not 
negligible in a weak excitation regime. 12 c, ft,, and e are 
the light velocity, Planck constant, and electrical charge, 
respectively, n = 3.45 and \i = 1.45 x 10 _1 m 2 V _1 s _1 
are the refractive index and electron mobility of Si. 
(j) = 3 V, A = 1587 nm, r pn = 0.37 ns, d = 8.72 //m, 
and S — 1.68 /im 2 , are reverse bias voltage, light wave- 
length, photon lifetime, insulator length, and cross sec- 
tion of insulator, respectively. These values are obtained 
by experiment. r c = 1 ns, f3 — 0.9 cm/GW, and a = 
1.45 x 10 -21 m 2 are the carrier lifetime, TPA coefficient, 
and FCA absorption coefficient, respectively, and the val- 
ues are taken from references^ - — V m = 1.73 x 10 _1 /am 3 
is the mode volume and is obtained from FDTD calcula- 
tion. According to the coupled mode theory, T changes 
when the internal loss of the cavity changes as given by, 



T 



1/2 



.1/2 



'ph 



C 

-cf-N - 

n 



2c 2 f3 
n 2 V m 



(3) 



Wavelength detuning is already taken into account, be- 
cause the peak current I is obtained when the laser wave- 
length and the cavity resonance match during wavelength 
scanning. The Einstein- Smoluchowski relation gives the 
/ and N values in a steady state as, 
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Substituting Eqs. (|3j) and ((4]) into Eqs. (pQ) and (|2j), we 
can derive an equation that describes the relationship 
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FIG. 3. (Color online) Photocurrent (/) versus input power 
at PhC waveguide (Pin). The red squares are when the input 
laser light is at the resonance of the cavity. The black circles 
are when the input laser wavelength is 1577 nm. The solid 
blue line is the calculation. The dotted green lines show the 
responsivities at different A/W values. 1.28 A/W corresponds 
to QE=100% (one photon generates one electron). 



between P in and I in the steady state (du/dt = and 
dN/dt = 0). We obtain the graph shown by the solid 
line in Fig.O The only fitting parameter is aoPA, and it 
is given as 0.032 dB/cm. 

When we neglect aopA, the linear increase in Region 
I disappears. TPA carrier generation (1st term on the 
RHS in Eq. (|2j)) is needed to make the nonlinear increase 
in Region II visible. But without the TPA optical loss 
(4th term on the RHS in Eq. (pQ)), Region II exhibits 
a quadratic increase and this does not explain the sub- 
quadratic increase. These facts indicate that TPA out- 
performs OPA in Region II. The saturation of Region III 
appears when we introduce FCA optical loss (3rd term 
on the RHS in Eq. (pQ)) and this curve provides a better 
match when we consider Eq. (|3|) instead of using constant 
T. From these numerical observations, we can conclude 
that OPA is visible in Region I, whereas TPA is domi- 
nant in Region II. And FCA appears in Region III. In 
other words, nonlinear carrier generation is visible at a 
10 -8 W power level in Si, and is made possible by the 
strong confinement of light. 

Here we consider the external quantum efficiency (QE) 
of our device. The QE is usually very low in Si at telecom 
wavelengths because light is transparent. In fact, the 
responsivity of the PhC waveguide mode (circles) is only 
1 x 10 _T A/W. However, the value is increased 10 5 times 
(0.016 A/W) by the formation of the high-Q cavity mode 
in Region I. In addition, the presence of TPA (Region 
II) further boosts the QE. We obtained a QE of 9.7% 
at Pi n = 1.17 W. Considering the wavelength and the 
material that we used, this value is surprisingly high. 
While previous TPA detectors could only detect short 
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FIG. 4. (Color online) (a) 0.1-Gb/s photo-receiver demon- 
stration. The input light has an amplitude of 32 /iW. It is a 



pseudo-random bit sequence with a pattern length of 2 



1. 



The amplitude of the electrical output is ^ 2 mV. (b) In- 
put optical signal and the recorded electrical signal for two 
different input wavelengths. 



high-intensity pulses j£ our device even made low-power 
detection possible. Furthermore, when we consider the 
coupling between the waveguide and the cavity [Eq. (|3j)], 
we find that a very large amount (~ 44%) of the cavity 
coupled light is absorbed when P in = 1.17 fiW. 

Another important aspect of our Si detector is the 
small dark current, which enables us to achieve signal 
detection at an extremely low power. The maximum 
measured dark current at room temperature was 15 pA 
at a reverse bias of —3 V. This value is much smaller 
than that of other detectors fabricated on S&~— and even 
smaller than that of InGaAs detectors. Such a small 
value is achieved because of the good crystal quality of 
Si and the small dimensions of our p-i-n structure. 

Finally, we discuss the 0.1 Gb/s photo-receiver oper- 
ation. We employed a p-i-n PhC nanocavity with the 
design shown in Fig. QJa) except that d = 7a, and AC- 
coupled it to an amplifier that has a transimpedance 
gain of 5 x 10 3 V/A. The Q, T and A were 2.1 x 10 4 , 
> 60%, and 1592.4 nm, respectively. We chose a cavity 
with a lower Q because it can operate without exhibit- 
ing the thermo-optic effect at the higher optical input we 
used owing to the low transimpedance gain. When the 
injected signal wavelength was at the resonance of the 
cavity, they were detected as shown in Fig. HJa). Fig- 
ure 2Kb) shows a demonstration at 0.1 Gb/s, with dif- 
ferent input laser wavelengths. Channel 1 is at the res- 
onance and channel 2 is detuned by —0.1 nm from the 
cavity resonance. Only channel 1 is detected, which con- 
stitutes a demonstration of high-speed channel selective 
photo-detection on a Si chip. The input optical signal 
amplitude was 32 /iW, which corresponds to 0.3 pJ/bit 
at the demonstrated speed. We may be able to reduce 
this value, because our Si device has a very small dark 
current. In fact, Fig. [3] suggests that the device can de- 
tect 12-fJ/bit pulses with a signal rate of 0.1 Gb/s at an 



optimised P in (1.17 /iW). 

Another feature is the small capacitance. This was 
achieved because the p-i-n structure is small. The small 
demensions were possible because we used an ultrasmall 
PhC cavity. From the structural dimensions, the esti- 
mated capacitance is 9.5 x 10 -18 F. The small capaci- 
tance allows us to obtain a high swing voltage, which 
may allow us to feed the signal directly into CMOS cir- 
cuits without using a noisy amplifier J£ To obtain high 
voltage (and high speed), it is important to have small 
resistances for the p and n regions. 

In terms of operating speed, we recently demon- 
strated GHz modulation using these devices, 10 and an 
even higher speed has been demonstrated using similar 
devices Therefore, we believe a GHz or greater speed 
to be possible by optimizing the electrical design, which 
may further reduce the J/bit value. Note that the opti- 
cal property of the cavity allows the device in Fig. [Tfa) 
to operate at a speed of 2.7 GHz (given by r~^) without 
sacrificing the sensitivity. 

In summary, we fabricated a p-i-n integrated PhC 
nanocavity on a Si chip and detected telecom light at 
a very small dark current and high QE. We would like 
to note that this device also paves the way for the devel- 
opment of integrated quantum devices by combining it 
with single electron transistors. 18 
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